spermatozoa/h (n = 4). Cytochrome c oxidase (EC 1.9.3.1) was much less active than in rat spermatozoa (22\m=.\3\ m=+-\6\m=.\0(s.e.m., n = 4) and 615 \ m=+-\87 (n = 4) nmol transformed/108 spermatozoa/min).
Introduction
The contribution of oxidative phosphorylation to the generation of ATP in human spermatozoa is unclear. These cells exhibit a high rate of aerobic glycolysis and substrate level phosphoryla¬ tion can completely fulfil their energy demands when glucose or fructose is available (Macleod, 1941a; Peterson & Freund, 1969 , 1970 . Human spermatozoa contain cytochromes a, b and c (Mann, 1951) and, in spite of some early controversy (Macleod, 1941a (Macleod, , 1943 , it is now clear that they take up oxygen (Nevo, 1966; Murdoch & White, 1968; Peterson & Freund, 1968; Eliasson, 1970;  Hicks, Martinez, Pedron & Rosado, 1972; Storey, 1978) and can oxidize acetate, pyruvate, glucose or succinate to C02 (Temer, 1960; Peterson & Freund, 1968; Ford, Harrison, Takkar & Waites, 1979) . Although it has been reported that respiration was stimulated by lactate, citrate (Hicks et ai, 1972) , glycerol or sorbitol (Murdoch & White, 1968) , succinate has most often been the only substrate which has stimulated the uptake of oxygen (Macleod, 1943; Peterson & Freund, 1970 , 1974 Storey, 1978) . Macleod (1941b Macleod ( , 1943 found that washed human spermatozoa required a glycolytic substrate to remain motile even under aerobic conditions when succinate was present. The ATP concentration in the cells fell rapidly in the absence of glucose but could be partly restored by the subsequent addition of the sugar although its decline was accelerated by dinitrophenol (Peterson & Freund, 1970) . By contrast, Nevo (1966) found that washed human spermatozoa remained motile without added substrate under aerobic but not anaerobic conditions. Suter, Chow & Martin (1979) reported that the ATP content in the spermatozoa declined only slowly during a 3 h aerobic incubation without added substrate but that oligomycin produced a rapid decline in both the ATP concentration and motility although these effects were prevented by 5 mM-glucose. Respiration was sufficient to maintain the energy charge of washed human spermatozoa until they were stimulated by the addition of 10 mM-caffeine, although energy charge was maintained even then if 10 mM-glucose was present (Chulavatnatol & Haesungcharern, 1977) . The endogenous respiration of washed human spermatozoa was inhibited by oligomycin and stimulated by bis(hexafluoroacetonyl acetone), suggesting that it is tightly coupled to ATP synthesis (Storey, 1978) .
We have studied the effect of some respiratory and metabolic inhibitors to confirm the role of oxidative phosphorylation in providing energy for human spermatozoa and have measured the activities of the tricarboxylic acid cycle enzymes in an attempt to discover which limits the rate of respiration in these cells.
Materials and Methods

Spermatozoa
Ejaculates collected by masturbation were supplied by student volunteers who were free from urogenital infections. Spermatozoa were separated from the seminal plasma 1-3 h after collection by centrifugation through a layer of Ficoll (Harrison, 1976 were progressively motile and was assessed subjectively with a phase-contrast microscope (x400 magnification).
Metabolite assays
Lactate and ATP were measured as described by Hohorst (1963) Alp, Newsholme & Zammit (1976) except that the final volume was 1 -0 ml; Isocitrate dehydrogenase (NADP) was measured by a modification of the procedure of Cleland, Thompson & Bardon (1969) . Cuvettes contained 50 mM-triethanolamine pH 7-4, 10 mM-MgCl2, 5 mM-EDTA, 7-5 mM-KCl, 0-59 mM-NADP+, 0-3 mM-dithiothreitol plus lysed spermatozoa in a total volume of 2-0 ml. The reaction was started by the addition of 2-5 mM-DL-isocitrate; Isocitrate dehydrogenase (NAD) (EC 1.1.1.41) was measured as described by Plaut (1969) ; 2-Oxoglutarate dehydrogenase was measured by the method of Read, Crabtree & Smith (1977) (Pearson, Chase & Tubbs, 1969) . The buffer was 100 mM-Tris-HCl, pH 8-1, 0-3 mM-acetyl CoA, 1 mM-EDTA, 2-5 mM-DL-carnitine and 0-1 mM-5,5'-dithiobis-(2-nitrobenzoic acid) DTNB. The reaction was started by the addition of lysed spermatozoa and the increase in absorbance at 412 nm was measured. A blank lacking carnitine was run for each sample. The rate remained linear for 1-2 min;
Cytochrome oxidase was measured as described by Yonetani (1967 The ATP concentration in washed human spermatozoa declined by 20% (P < 0-01) when incubated for 2 h at 35°C in phosphate-buffered physiological saline with no added substrate (Table 1) . However, the ATP concentration dropped to very low values when 2 pM-antimycin A, 2 pM-rotenone, 0-4 pM-CCCP or 8 pM-oligomycin were present. In spermatozoa incubated with 2 mM-D-glucose the ATP concentration did not change during the 2 h incubation and the effects of the inhibitors were at least partly alleviated; however, 10 mM-succinate did not reverse the effect of 2 pM-rotenone on the ATP concentration in the spermatozoa (Table 1) . The motility of the spermatozoa was monitored during one experiment. Between 40 and 50% of the cells were progressively motile at zero time and this proportion was maintained for 2 h when 2 mM-D-glucose was present. When no substrate was added or with 2 mM-glucose in the presence of 2 pM-rotenone or 2 pM-antimycin A there was no change in motility for the first hour but it then declined until about 25% of the spermatozoa were still motile after 2 h. When the inhibitors were added in the absence of glucose, <10% of the spermatozoa were motile after 30 min and none was motile after 2 h.
The production of lactate from 2 mM-D-glucose may have been slightly increased in the presence of 2 pM-antimycin A, 2 pM-rotenone or 0-4 pM-CCCP. When the data were pooled in such a way that a paired t test could be used, lactate production in the controls was 0-82 ± 0-08 pmol/108 spermatozoa/2 h while that in the presence of the inhibitor was 0-98 ± 0-042 pmol/108 spermatozoa/2 h ( = 8) ( < 0-05). The difference was not statistically significant (t test) when all the available control data were included and a paired test could not be used.
Sodium mdonate (5 mM) had no effect on the ability of the spermatozoa to maintain their ATP concentration or to metabolize glucose (Table 2) . By contrast, in the presence of 0-2 mM-sodium arsenite the spermatozoa oxidized less glucose to C02 and the ATP concentration was always less than in controls although the statistical significance of the latter change is doubtful (P < 0-07, paired t test). (4) 0-89 ± 0-067 (6) 7-71 ±1-04 (6) 1-00 ±0-057 (4) 10-35 ± 1-66 (4) 1-00 ±0-104 (4)* 4-54 ± 1-53(4)*
Values are mean ± s.e.m. for the no. of observations in parentheses. Significantly different from the corresponding controls; *P < 0-05, **P < 0-01 (paired / test).
source but their activities were sufficient to account for the maximum observed flux through the cycle calculated from the oxygen uptake in the presence of added substrate. Carnitine acetyl transferase was less active in human than in rat spermatozoa and glutamate dehydrogenase was not detected in the former cells (Table 3) . (Peterson & Freund, 1974) and the activities of the enzymes of the cycle reported above are more than adequate to explain the observed rate of oxygen uptake. It has been proposed that the activity of 2-oxoglutarate dehydrogenase limits flux through the tricarboxylic acid cycle in muscle (Read et al., 1977) . This is the least active of the enzymes assayed in human spermatozoa but Brooks (1977) . This is probably because we included 0-1% Triton X-100 in the extraction media but did not include a low speed centrifugation step before assaying the homogenates. The activities given by Brooks (1977) would not be adequate to explain the rate of respiration by rat epididymal spermatozoa in the presence of added substrates (Ford & Waites, 1980) . Sodium arsenite was expected to inhibit both pyruvate dehydrogenase (EC 1.2.4.1) and 2-oxoglutarate dehydrogenase (Webb, 1966) and its effect was specific since it did not significantly decrease the production of lactate from glucose or the ability of the spermatozoa to obtain ATP from this process. Since the pyruvate pool in human spermatozoa is very small (W. C. L. Ford & A. Harrison, unpublished data), an effect of arsenite on the ATP concentration would imply that there is a flux through 2-oxoglutarate dehydrogenase in the absence of added glucose. However, the size of this effect was very variable between experiments.
Malonate is a classical inhibitor of succinic dehydrogenase (Webb, 1966) and its effect in these experiments indicates that the production of ATP by the oxidation of endogenous substrate and the oxidation of glucose to C02 do not involve succinate oxidation. Possibly C02 could be produced by the dismutation of pyruvate (Peterson & Freund, 1974) (Peterson & Freund, 1970) and the data are by no means conclusive. However, it is now clear that human spermatozoa can obtain energy from respiration although several anomalies remain to be explained about the pathways involved. The amount of substrate transformed by respiration is small compared to the flux through the glycolytic pathway, but the net yield of ATP is similar or even greater from the former route so its physiological significance may be greater than is generally appreciated.
